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Abstract
Nanosphere lithography, a technique of generating hexagonally packed monolayers with
nanospheres, has been studied and been shown to increase the efficiency of the devices such as
light emitting diodes and solar cells. In this research, the fabrication of nanosphere lithography
was explored with the aim of identifying robust deposition methods. Two resultant methods
yielded large (1 cm by 1 cm) monolayers of nanospheres, with further mask modification via
sphere diameter reduction using reactive ion etch. Photoluminescence (PL) measurements
confirmed the existence of the monolayer and the enhancement due to the addition of nanospheres.
A thin layer of aluminum was deposited onto samples after performing nanosphere lithography,
with the nanospheres subsequently lifted off to create various aluminum structures. Finitedifference time-domain simulations were conducted to compare with PL data. Additional
experiments and processes, such as the ones that create localized surface plasmon, nano-dots, etc.,
are outlined for future work.
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Chapter 1 Introduction
As society looks for more efficient lighting and energy solutions for the future, devices such
as LEDs and solar cells emerge as frontrunners as they are not bounded by traditional inefficiencies
and their performance can be improved tremendously. However, in order to increase their
efficiency, cost-effective ways of producing nanoscale features are usually needed. One such
method, namely nanosphere lithography (NSL), is not only accessible, but also economical in
forming highly ordered nanoscale structures [1].

1.1 Overview of Nanosphere Lithography
Nanosphere lithography, also known by its other names such as colloidal lithography, is
the creation of a monolayer of nanospheres via self-assembly. This unique property of the
nanospheres can be attributed to the attractive capillary force between the nanospheres. NSL was
first reported in the 1980s, with the first deposition consisting of only the drying of a colloidal
solution containing nanospheres [2]. Upon further investigation, other deposition methods were
developed, all with their advantages and disadvantages. The different methods are discussed
extensively in the next chapter.

1.2 Overview of NSL Applications
NSL can be embedded into many applications. These not only include photovoltaic or
optical devices such as solar cells and LEDs, they also include chemical and biological sensors as
the hexagonal pattern from NSL can be used as the foundation for enhancement [3]. For LEDs that
1

function at visible wavelengths, it has been shown that even an unmodified monolayer from NSL
can provide roughly 2 times emission depending on the type of nanospheres used [4]. The presence
of NSs alters the effective escape cone, which becomes larger than the traditional escape cone that
is only a function of the capping material, assuming the device functions in free space. GaN is often
used as the capping material for LEDs and due to its high refractive index at visible wavelengths
ffective
light from the device [1]. The performance of LEDs can also be enhanced via localized surface
plasmon (LSP) or surface roughening

structures [5]. The theory

behind how the spheres or LSP induces the enhancement is covered in later sections.
As for solar cells, their performance can be most directly enhanced by capturing more light,
i.e., increasing absorption. NSL can be used to create various types of anti-reflection (AR) layers,
which upon deposition on solar cells, increase their performance [6]. These AR layers can consist
of either nano-rods, nano-cavities, or other structures.

1.3 Organization of Document
This thesis starts with a review of various aspects of nanosphere lithography and optical
principles behind its applications in Chapter 2. Different methods of deposition were surveyed to
not only demonstrate the progression of NSL, but also advantages and disadvantages of the
methods. Then the structures that can be created by additional processing, beyond the creation of
the NSL mask, are discussed to connect principles behind the improved performance to physical
structures.
2

In Chapter 3, details of experiments that were carried out are listed along with how the
experiments were characterized. Results of the experiments, including the fabrication of the
monolayer, and the subsequent possessing steps, are presented and discussed along with FDTD
simulations and PL measurements. Chapter 5 summarizes the work done and suggests future work
in order to further implement and investigate nanosphere lithography for photonics and optical
devices.

3

Chapter 2 Background
2.1 Nanosphere Lithography
In this section, various methods of creating the hexagonal packing mask consisting of
nanospheres will be presented, and followed by the different nano-structures it can create,
depending on the application it is utilized in.
2.1.1 Nanosphere Deposition
Nanosphere lithography, also referred to by its other names such as colloidal lithography,
works fundamentally on its self-assembly nature. At the minimum, a drop of colloidal solution on
a surface would allow the spheres to spread and self-assemble into a monolayer of hexagonal-closepacked (HCP) mask. However, the yield of such method is very low, hence the necessity to employ
more effective deposition methods that are more complex [2].
Deriving from the initial deposition method, drying of colloidal solution, solvent was
introduced in order to provide more control to the monolayer formation process. A mixture of
solvent and NS solution would be applied onto a substrate, with the evaporation of the solvent
providing the capillary force necessary for the creation of the monolayer. However, a highly
temperature and humidity controlled environment was required in order for this method to
provide a high yield as the rate of evaporation dictates the quality of the mask. In cases of
uncontrolled environment, samples exhibit areas of both multilayer and monolayer deposition [7].
Other methods such as the dip-coating method, or a combination of both, that also utilizes the
evaporation of solvent were investigated; however, with no substantial improvement [8].
4

Other mechanical ways of controlling the solvent evaporation were also attempted. Spin
coating of the solvent and NS mixture would increase the evaporation rate substantially, in cases
producing higher quality masks. However, most reported recipes have no theoretical backing and
were all developed empirically, due to the vast number of combination of sphere concentration,
type of sphere, type of substrate, and many other factors, All the factors play a role in the end result
and the theoretical model of deposition has yet to be developed due to its complexity. The distinct
advantage of this method is that once a mature recipe is created, it can be repeated with very little
variance and can be used in large scale production [9].
Another category of deposition method involves the NSs first assembling into a monolayer
prior to deposition. The colloidal mixture is first applied on top of a liquid surface, then
consolidated via either mechanical or chemical compression, to aid in the formation of monolayers.
The benefit of such method is that the main formation mechanism remains as solvent evaporation,
and the compression only help facilitate to form even large monolayers by combining smaller
monolayers [10].
Methods that only work on a particular type of substrate, such as electrophoretic deposition
that requires a conductive substrate, are not discussed and only mentioned for completeness [8].

of machinery were attempted. Both methods involve the NSs assembling into monolayers at the
interface of liquid-air prior to deposition. Due to the absence of variability of additional
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components and the robustness of the formation at the liquid-air interface, what resulted was a
reliable process that produce a high quality monolayer.
2.1.2 NSL Applications
After depositing the HCP monolayer onto a substrate, various nanostructures can be
obtained over an ordered array. An unmodified layer can be deposited on the top side of a LED,
which has been shown to increase its overall efficiency by boosting the light extraction efficiency
in the visible spectrum. Various types of NSs with different refractive indexes yield different levels
of enhancement [4].
Another use of the monolayer is the production of nano-rods, or nano-wires. The mask for
nano-rods can be obtained in two ways: the first one using the spheres (usually with reduced
diameter), or using the cavity in between the spheres as a mask. The benefit of the first method is
that the diameter of the resultant nano-rods is directly controllable by adjusting the sphere size. As
for the second method, the mask can be indirectly produced by either double-masking, or by
depositing a very thin layer of material, of which only a fraction would reach the substrate as most
are obstructed by the nanospheres. The second method enables the fabrication of nano-rods with
much smaller diameter which is desirable in some cases. By removing the undesired substrate not
underneath the mask, nano-wires can be formed and be used in its intended application [11].
If the substrate removal step is not performed, the remaining structure would then be nanodots, or nanoparticles (NPs), depending on the morphology. Due to the nature of NSL, the only
polygonal NPs that can be formed are either triangular or quasi-triangular, as it is the shape of the
6

space in between nanospheres. Circular nano-dots, or nano-cylinder with hemisphere on top, have
been reported and can be produced via either annealing the triangular nanoparticles, or using the
cavity mask the NSs leave behind after lift off. These such NPs are used in producing localized
surface plasmon with different types of metal, most popularly Ag, for enhancing the visible
spectrum [12,13].

2.2 Optical Concepts
Several optical concepts that are pertinent to the next few chapters are introduced and
briefly discussed in this section to aid in understanding of the effects of NSL and subsequent
structures.
2.2.1 Light Extraction Efficiency
Two parameters dictate the overall efficiency of a LED: its internal quantum efficiency,
which is the product of injection efficiency and radiative efficiency, and its light extraction
efficiency (LEE). The first one pertains to the ratio of photons generated to electrons through the
device, whereas the second one is the ratio between the number of photons generated versus the
number of photons that escape the device. For this study, the emphasis would be on the latter as
the addition structures on top of the sample substrates would only alter the LEE. Due to the high
refractive index of GaN, a commonly semiconductor material used as a capping layer of LEDs,
most of the light generated from the device remained trapped in such layer. Per Snell s law, the
critical angle can be calculated by (2.1) where n1 and n2 are the refractive index of GaN and air
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respectively, with

1

and

2

being their corresponding angles. At

2

equals 90° ,

1

becomes the

critical angle at which point total internal reflection occurs.
𝑛1 sin(𝜃1 ) = 𝑛2 sin(𝜃2 )

(2.1)

Assuming a refractive index of ~2.5 for GaN in the visible spectrum, the critical angle is
calculated to be 23.6° . Using a point source, the fraction of power that device effectively outputs
can be calculated by finding the ratio of the surface area of the cap of such cone, and the surface
area of a sphere with equivalent radius. This specific derivation, done by Ee, also involved a Taylor
series approximation to simplify resultant expression [1]. After a two term Taylor series
approximation (which is appropriate due to the small angle), the expression becomes (2.2), which
calculates the power ratio to be 4% when GaN is used as the capping layer of the LED.
𝑃𝑒𝑠𝑐𝑎𝑝𝑒 1 𝑛𝑎𝑖𝑟 2
≅ (
)
𝑃𝑠𝑜𝑢𝑟𝑐𝑒 4 𝑛𝐺𝑎𝑁

(2.2)

Thus, an increase of the effective critical angle would be equivalent to increasing the surface
area of the cap of the cone, resulting in more emission and an increased performance of the LED.
The layer of nanospheres effective decreases the Fresnel reflection that occurs within the cone, as

efficiency [14].
2.2.2 Localized Surface Plasmon
Localized surface plasmon resonance (LSPR) is a phenomenon that induces
electromagnetic-field enhancement and it occurs when an electric field of the resonating frequency
hits a metal nanoparticle, creating localized surface plasmon (LSP) [15]. LSPR has been utilized in
8

order to increase the radiative efficiency of LEDs, with Ag and Au in the visible spectrum, and Al
in UV [16]. As it is not essential to this particular experiment and merely one of the possible
applications for NSL, a thorough theoretical behavior of such phenomenon is not presented here
and is substituted with a presentation of the general understanding of why and how it occurs.
As an electric field comes in contact with the metallic nanoparticles, it would cause the
electrons inside the metal to respond in return. When the electric field interacts with the NPs at
the resonance frequency, the electrons, although still bounded by the metal NP, oscillate in
response. This resonance frequency is a function of many things, including not only the type, size,
and shape of the metal NPs, but also the environment it is in. Due to this unique property, LSPR
is not only used for optical applications for its obvious enhancement and specific wavelengths, but
-tuned to detect a specific
chemical or molecule [17,18]. LSPR provides many more degrees of freedom than its closely related
counterpart, surface plasmon resonance, as the latter is mostly based on a structure of thin metal
film, versus metal NPs.
It has been demonstrated that utilizing LSPR, polygonal aluminum NPs can enhance deep
UV spectrums by factors of greater than 5. Utilizing NSL, NPs of different metal and sizes can be
created in a patterned order, which will enable further investigation of LSPR [16].
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Chapter 3 Experiment
In this chapter, the experimental procedure and details are presented, first with the
formation of the PS sphere monolayer, then the transfer of monolayer, and subsequently
manipulation of the sphere sizes. Metal is then deposited and finally followed by the lift-off
procedure for the purpose of producing surface plasmon and other nanostructures.

3.1 Experimental Setup
PS spheres from two sources, Polyscience, and Bangs Laboratory, were used in experiments.
The sphere solution from Polyscience was purchased in the form of water solution with 2.5% wt.
spheres of nominal diameters 500 nm and 750 nm; the sphere solution from Bangs Laboratory is
in the form of 10% wt. solution with diameter of 320 nm. All spheres are functionalized with
carboxyl groups for the purpose of forming the hexagonal packing pattern. For the experiment,
various concentrations of solutions were created via either centrifugation or dilution. The time
necessary for centrifugation is calculated via (3.1), where V is velocity in cm/sec, G is G force in
cm/sec2,

1

and

2

is the density of the particle and suspending media respectively, both in g/cm 3,

n is the coefficient of viscosity in g/cm-sec, and a is the radius of the NS. For PS spheres submerged
in water, the values for

1

is 1.05 g/cm3 and n is 1.002 g/cm-sec. The calculated time is used to

ensure no over-centrifugation occurs, and the sphere pellet formed at the bottom can be
reintroduced to the final solution without issue [19].
𝑉=

2𝐺𝑎2 (𝜌1 − 𝜌2 )
9𝑛

(3.1)
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Various concentrations, 2.5%, 5% and 10% were used in the experiment. The sphere
solutions were mixed with equal parts of ethanol, which serves the purpose of helping the spheres
spread during the formation of the monolayer, prior to usage.
In order to produce the monolayer, a glass slide pretreated with 10% SDS by soaking for a
minimum of 24 hours prior is necessary. Two methods were used in the experiment with equal
amount of success. For the first method, the pretreated glass slide is rinsed thoroughly with DI
water and dried with nitrogen, then lowered and set in a 6-inch diameter beaker filled with 150 ml
of water at an angle no greater than 45 degrees with the bottom of the beaker, with a portion above
the surface. Then using a micropipette, the solution with equal parts of ethanol is applied to the
glass slide slowly, ensuring a gradual introduction to the water surface. The SDS treatment would
ensure the sphere solution does not stick to the glass slide but rather spread to its edges. As the
sphere solution hits the water surface, the monolayer is formed [20].

Figure 1 Visual illustration of deposition method 1: a) set glass slide at small angle to surface, b) apply
sphere solution onto glass slide, c) formation of monolayer, d) lift monolayer using substrate underneath.
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For the second method, the glass slide is rinsed and dried in a similar manner as above,
then laid down in a beaker. Then DI water is introduced to the beaker around the glass slide, until
the glass slide is completely surrounded and the water almost flowing over the top. The sphere
solution is then applied to the glass slide, and it would spread to the water forming the monolayer.
The water level is then raised by pumping more water to the bottom of the beaker using an ordinary
pipette, while ensuring not to disrupt the monolayer on top [10].

Figure 2 Visual illustration of deposition method 2: a) set glass slide flat in empty container, b) fill water
to glass slide edge, c) apply sphere solution to glass slide, d) formation of monolayer on water surface, e)
raise water level, f) position substrate underneath monolayer and lift.
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For both methods, the amount of water is arbitrary as long as a sufficient height is achieved
to allow easy transfer of monolayer to a substrate. The same applies to the amount of sphere
solution depending on the size of the
as a starting point.
After the formation of monolayer on top of the water, if the size of individual monolayers
are too small, a few drops of 2% SDS can be applied to chemically compress the monolayers
together by altering the surface tension, or alternatively a physical barrier, such as a glass slide, can
be used to mechanically compress the monolayers together. The monolayers can also be combined
by applying gentle oscillatory motion to the container [8].

3.2 Nanosphere Deposition
3.2.1 Deposition on Silicon
Similar to the glass slide, in order to increase the hydrophilicity of silicon, the substrates
need to be pre-treated in the same manner, then rinsed and dried with nitrogen prior to
performing the nanosphere deposition. The monolayers formed via one of the two methods above
can be visibly seen on top of the water surface, with the color depending on the diameter of the
spheres used. After confirming the presence of the monolayers, the silicon substrate can be
submerged into the container, then positioned underneath the monolayer, and lifted up to transfer
the monolayer to the sample.

13

3.2.2 Deposition on GaN
Unlike silicon, the chemical surface treatment using SDS is ineffective in increasing the
hydrophilicity, and an oxygen plasma is used in place to create the same effect. A Drytek 482 Quad
Etcher is used to treat the GaN substrates for 600 seconds, with a RF power of 300 W, at an oxygen
flowrate of 100 sccm, with the pressure being 200 mTorr. After treatment, the GaN substrate can
be used in the same manner as the silicon substrate to lift up the nanosphere monolayer [21].

3.3 Sphere Diameter Reduction
The reduction of sphere diameter can be achieved via reactive ion etch, using the Drytek
482 Quad Etcher in this particular case. The recipe is a derivation of the recipe used as reported by
Brown and has the settings of a RF power of 75 W, 200 mTorr, an oxygen flowrate of 200 sccm for
various amount of time depending on the desired diameter reduction. For complete detachment
of individual spheres from each other, a reduction of no less than ¼ of the original diameter is
other even after RIE, occurs otherwise
[9].

3.4 Metal Deposition
Metal deposition is performed using the CHA Ebeam Evaporator. Aluminum was
deposited onto both silicon and GaN substrates secured via tape described above. A pressure of 8
Torr was used and the thickness of aluminum was roughly 18 nm. The deposited thickness of any
material has to be less than half of the reduced sphere diameter to guarantee complete removal of
PS spheres for the lift off process.
14

3.5 Lift Off Procedure
For the removal of PS spheres, a cotton swab soaked with acetone can be applied to the
substrates gently. The complete removal of spheres can be confirmed by comparing the substrates
with a pristine sample without nanosphere lithography performed. Additionally, the samples can
go through an ultrasonic bath in acetone to ensure complete removal of all the spheres [9].

3.6 Characterization
Three different tools are used for characterization in this experiment. The first one is the
Leica Inspection Station, an optical microscope, with up to x100 objective. The images taken with
the station are all accompanied with its scale bar in the bottom right corner. The second one is a
Toshiba SEM for higher resolution images, with the voltage being at either 5 kV or 10 kV, which
is indicated in the images. The third one is a photoluminescence (PL) system that consists of 325
nm He-Cd laser at ~33 mW, with a Horiba Syncerity detector setup as Figure 3. The laser can
either be pumped from the front, or the back of the sample, depending on how the sample is
mounted. The side that the laser comes in contact with first is considered to be the side that it is
being pumped from.

15

Figure 3 PL system setup.
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Chapter 4 Experimental & Simulation Results
dure are
presented. This is followed by various finite-difference time domain simulations from RSoft, then
PL measurements for comparison and discussion [22].

4.1 Experimental Results
Results of nanosphere lithography with varying parameters (such as the concentration of
the solution used, method of deposition, etc.) are described step by step below.
4.1.1 Deposition on Silicon
and 2.5% 750 nm
diameter sphere solution to a 5-inch diameter beaker then subsequently attempting to transfer the
monolayer to a silicon substrate, the result is captured Figure 4. There is very little coverage, with
isolated spheres or forming small islands, and no large areas of hexagonal packing monolayers.
The low concentration of nanosphere causes them to sink into the water, rather than remaining
on top of the surface of the water. The same experiment was repeated with the exception of drying
the sample on a hot plate (Figure 5) below the melting temperature of PS spheres at 40 ° C for 10
to 20 minutes, with no improvement.

17

Figure 4 NSL with 2.5% sphere solution on silicon, air dried.

Figure 5 NSL with 2.5% sphere solution on silicon, dried on hot plate.

In order to increase the coverage,
applied, yielding results in Figure 6. The hexagonal packing monolayers are clearly visible in
certain areas, while others were void of spheres, as shown in Figure 6.

18

Figure 6

sphere solution on silicon.

A more intensive investigation of the effect of increased density of spheres, relative to the
surface area of the container was then conducted. Substituting the container with one that is 1.5inch in diameter, and vastly increasing the amount of solutions yielded greater coverage; however,
areas with multiple monolayers on top of each other or isolated nanosphere on top of the
monolayer, which is undesirable, also started to form (Figure 7). The produced monolayers did
not cover the substrate uniformly, as seen in Figure 8, and they have the distinct island-like shapes
that are heavily influenced by the direction of how the solution dried after the monolayer has been
scooped up.

19

Figure 7 NSL with various amount of 2.5% sphere solution, in clockwise order from top left: 0.9 ml, 1.8
ml, 3.6 ml, and 4.6 ml.

Figure 8 NSL with 4.6 ml of 2.5% sphere solution at x2.5 objective. The different colors signify different
number of layers.

To improve the uniformity of the nanosphere deposition, ~10% sphere solution (created
by the centrifugation steps described in previous chapter) is used in place of the 2.5% sphere
20

solution, in the 1:1 mixture with ethanol, with the sphere diameter being 500 nm. Upon the
mixture being applied to the glass slide, the monolayers, indicated by their diffractions, can
immediately be seen on top of the water surface. The silicon substrate was then manually
positioned underneath and scooped up the visible monolayers. The resultant deposition can be
seen in Figure 9. Although not shown in the picture, the monolayer extends out beyond the image
and is roughly 1 cm2. In Figure 10, the monolayer can be seen to have very few nanospheres on top
of it, unlike in Figure 7. However grain boundaries, due to different orientations of the individual
monolayers, are still visible, along with the existence of point defects. The total volume of the

Figure 9 NSL with ~10% sphere solution on silicon, the visible lines signifies grain boundaries within
the monolayer.
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Figure 10 a large monolayer with point defects and grain boundaries.

The same coverages were obtained while using a 5% sphere solution with 320 nm diameter
spheres. The resultant monolayers exhibit similar grain boundaries and point defects. The samples,
with different diameter spheres, were all characterized using a SEM in Figure 11

Figure 13,

confirming the hexagonal packing structure, and the existence of various defects.

Figure 11 Monolayer with sphere diameter of 500 nm.
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Figure 12 Monolayer with defects.

Figure 13 Monolayer with 320 nm diameter spheres

4.1.2 Deposition on GaN
In order to perform NSL on GaN samples, the plasma treatment described in the previous
chapter was used to increase the hydrophilicity of the surface. There was a distinct visible difference
in its hydrophilicity as the treated samples retained significantly more water on their surface than
23

untreated samples, after dipping the samples into water. After the treatment, the same deposition
procedure was performed with the modified substrate. Figure 14 captures nanospheres on GaN
substrate. The blurriness in the image can be attributed to the transparent property of the sample
and thus making it more difficult to image. The right half of the image demonstrates the hexagonal
packing monolayer, whereas the left half portion demonstrates the unordered packing of
nanospheres that form due to the solution drying on the substrate. A point defect due to
abnormally large nanosphere is also captured.

Figure 14 NSL on GaN

4.1.3 Post Deposition Processes
After deposition, the samples underwent RIE to reduce the sphere diameters while the
spacing between the spheres, which was set by the original diameter, remained the same. The recipe
(with and without 6 sccm of CF4) were used on two different diameter spheres, yielding different
etch rates. The different etch rate is more likely contributed to the difference in sphere diameter
24

(500 nm vs. 320 nm), than the presence or absence of CF4. Figure 15 consists of post-etching SEM
images of 500 nm diameter spheres that underwent 12 seconds and 36 seconds of etching
respectively.

Figure 15 12 seconds (left) and 36 seconds (right) of RIE with 500 nm diameter spheres.

The same recipe without the CF4 flow was performed on 320 nm nanospheres for 23
seconds and 45 seconds respectively, with the results captured in Figure 16. The trends are plotted
in Figure 17, with etch rates of roughly 1.7 nm/s and 4 nm/s for the two trials with different spheres.
The above etched rates were extrapolated linearly, which is only representative of etching that does
not involve significant size reduction of the spheres. As shown in the etched trend for the 320 nm
diameter sphere in Figure 17, the second ~23 seconds reduced the diameter much more than the
initial 23 seconds of etching, which is in line with what was reported previously, and made sense
as the reduction in volume does not correlate linearly with reduction in diameter[24].
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Figure 16 23 seconds (left) and 45 seconds (right) of RIE with 320 nm diameter spheres

Figure 17 Trend of sphere diameter vs. etched time.

After reducing the diameter of the spheres, a layer of aluminum was deposited. The samples
were characterized again after the spheres were lifted off. Figure 18 demonstrates an aluminum
(the lighter regions) structure with hexagonally packed cavities on top of silicon (the darker circles).
The images were captured at a lower voltages (2-5 kV) to take into account the presence of
aluminum.
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Figure 18 Aluminum structure on silicon [24].

Aluminum was also deposited onto the sample with significantly reduced diameter (~50
nm), with the results captured in Figure 19. The hexagonal packing pattern remains, with much
smaller cavity this time. The image also captured several irregularities in the mask, such as the
bottom left corner, with what appears to be a sphere that remained in its place after lift off.

Figure 19 Aluminum structure with small cavities on silicon [24].
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This defect was also present in other locations of the samples. A defective area is captured
in Figure 20. There seemed to be residues of either polystyrene or aluminum on top of polystyrene
spheres. This issue can be traced down to two primary causes, the first one being the quality of the
mask, where this location could previously be a location of multiple monolayers on top of each

lift off procedure. The first cause can be minimized by creating a higher quality mask, with minimal
regions of multi-layer, and the second cause can be minimized by using an acetone ultrasonic bath
to remove the spheres at locations the lift-

.

Figure 20 defective area after aluminum deposition and lift off [24].

To produce LSPs, a layer of aluminum was also deposited on top of the monolayer on GaN
that is grown on single side polished sapphire, with no sphere diameter reduction. Different than
the aluminum structures already presented (completely connected with nano-cavities), in order to
obtain LSP, the deposited aluminum must be discrete nanoparticles.
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4.2 Simulation Results
In this section, results from FDTD simulation, using RSoft, are presented to demonstrate
the effect of not only the PS sphere mask created by NSL, but also LSPs. Various parameters were
swept to provide more insight as to how the various hexagonal patterns alter the spectrum of GaN
on sapphire in this particular case differently.
All simulations were ran with the following parameters, unless specified otherwise:

x, y, and z; free space wavelength of 370 nm (roughly the peak of GaN);
m (10 times grid size); x and y
dimensions are both from -

z dimension is from 0 to ~

, with minor changes

depending on the radius of the spheres. The refractive index of sapphire was set to be 1.79, with its
, and the refractive index for the PS spheres were set at 1.59, which was
provided by the manufacturer. The refractive index for GaN and aluminum were from RSoft,
which sourced the information from Goldhahn and Rakic respectively [25,26]. At 370 nm, the
refractive index of aluminum is 0.388 and its absorption coefficient is 1.47·106 cm-1. Thickness of
simulation.
All simulations used a Transverse Electric (TE) source set at the geometric center of the GaN layer.
4.2.1 Traditional Planar Structure
First, a planar structure of GaN on sapphire was simulated for reference. This structure has
been well studied and due to the high refractive index of GaN, only a small percentage (~4-5%) of
photons make it out to the surface. Figure 21 is a capture of the structure, with simulation
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parameters described above. This structure was simulated, with the polar projection of its far-field
intensity captured in Figure 22. As expected, the result is Lambertian as previously reported [1,4].
The extraction ratio calculated by the software was roughly 5.2%.

Figure 21 Simulation of planar structure

Figure 22 Polar plot of far-field intensity of planar Structure.

4.2.2 Planar Structure with Nanospheres
Several simulations involving nanospheres were run for comparison with the planar
structure. The structure is presented in Figure 23, with the spheres hexagonally packed to present
the monolayer that would be on top of the GaN layer similar to those obtained in the experiments.
Under the same conditions as the planar structure, the addition of 500 nm diameter PS sphere
yielded the far-field intensity captured in Figure 24. The addition of the sphere has introduced a
hexagonal pattern, with the maxima located at the center.
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Figure 23 Simulation profile with nanospheres.

Figure 24 Far-field intensity of structure with 500 nm PS spheres.

The effect of adding in the PS spheres can also be examined by looking at the intensity
Figure 25. It shows the spheres create a lobe of high intensity
and webs that tapers out as the distance from the source increases. The image is annotated with
the location of the spheres (outlined in white) that are in the center, noting that the higher intensity
lobes line up with the center of the spheres radially, whereas the intensity along the line between
the spheres decrease.
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Figure 25 Overhead view of electric field intensity.

To investigate the effect of different spheres that can be used, a scan was run with varying
refractive index. Refractive index of 1 to 3 was run with a step size of 0.2 to generate Figure 26.
Similar to previous studies, it shows that any sphere, as long as its refractive index is less than that
of the GaN layer (in this case ~2.6), it will provide an enhancement due to reduction of Fresnel
reflection. As the refractive index moves beyond that of GaN, the extraction ratio decreases since
while it is providing enhancement, it is also trapping photons due to the higher refractive index.

Figure 26 Extraction ratio versus refractive index of NS.
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A sweep for various diameter spheres, which is much more tunable and controllable from
a manufacturing perspective, was also run. This yielded an interesting result that peaks at roughly
650 nm diameter. A simulation issue of the results varying significantly depending on where the
source is relative to the spheres was identified and care was taken to ensure that the excitation
source is always in the center of a sphere. Figure 27 shows the plot of extraction ratio versus sphere
diameter, showing enhancement upon the addition of nanospheres.

Figure 27 Extraction ratio versus sphere diameter.

To mimic the possibility of what can experimentally be done, a sweep of varying sphere
diameter was run, except this time with constant sphere spacing, essentially reproducing a mask
with reduced diameter NSs. Starting with an initial diameter of 500 nm, a sweep down to 50 nm at
50 nm steps was done, with the resultant extraction ratio captured in Figure 28. As expected, the
trend eventually decreases as the diameter reduces to almost zero, however not before it reaches a
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peak at half of its original diameter, reaching an extraction ratio of 13.3%, which is a substantial
increase and roughly a 2.5 times enhancement when compared with the planar structure.

Figure 28 Extraction ratio versus reduced sphere diameter with constant 500 nm spacing.

4.2.3 Planar Structure with Aluminum Structure
Various aluminums structure were simulated in an attempt to utilize LSPR for an
enhancement over the UV spectrum, starting with the structure presented in Figure 29.

Figure 29 Simulation profile 1 of aluminum structure on top of planar structure.
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In this first profile, the aluminum NPs are simulated as 3-dimensional quasi-triangles that
varies in height depending on the region of the nanoparticle. With an Al thickness of 25 nm, an
enhancement of roughly 1.3 times was obtained. The enhancement is definitely due to the
aluminum structure as a planar structure with 25 nm thick aluminum exhibits virtually no
extraction. U

ted that although the angle of the sidewalls of

the NPs are not 90° , they do not reach completely underneath the NSs as the first profile assumes.
In order to replicate the structure more accurately, the spherical cavities were offset (Figure 30)
and additional simulations were run. The resulting structure yielded no enhancement, which
alongside the increased enhancement seen with an increased aluminum thickness in profile 1
clude that the enhancement observed is
most likely not due to LSPR.

Figure 30 Simulation profile 2 with aluminum structure.

A third simulation profile was attempted to model the NPs. Neglecting the angle of the
sidewall, a HCP array of cylinders was used as the mask instead of a sphere, producing NPs with
flat top surface. Simulation across three wavelengths were run with various reduced diameter sizes
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and a constant spacing of 500 nm. No enhancement was exhibit in the shorter 280 nm and 370 nm
wavelengths, which can be generated from AlGaN and GaN, respectively; however, enhancement
was exhibited at 500 nm (InGaN).

Figure 31 Extraction ratio of aluminum profile 3 versus sphere diameter.

4.3 PL Measurements
A series of PL measurements were conducted to investigate the effects of NSL. The
monolayer of PS spheres was deposited on GaN on double-side polished sapphire, which allowed
the sample to be pumped from either the front or back. Their spectra were then measured for
comparison. The control sample indicates no NSL performed, while the other two are two different
samples (NSL1, NSL2) with 320 nm spheres on them. The ones with NSL match closely over all,
while showing enhancement. The enhancement was much more
to either unintentional dopants or the sapphire substrate, which is present in Figure 33. Although
ionally doped n-type with silicon. The
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enhancement verifies the existence of the monolayer as it alters the spectrum significantly, on both
of the samples with NSL performed.

Figure 32 PL measurement from 330 nm to 390 nm.

Figure 33 PL measurement from 330 to 800 nm.

The multiple peaks around the 365 nm wavelength and the defect peak can also be due to
the high power of the laser (~32 mW). Traditionally, only 5-6 mW is used and the higher power
excites the electrons in higher energy levels.
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4.4 Discussion
A series of experiments was run to produce and manipulate hexagonal masks for NSL. The
experiment results showed promising masks, with confirmation of not only the hexagonal pattern,
but also the possibility of extending such mask to large area, as those needed for actual devices.
The subsequent steps after the deposition were also demonstrated and characterized to show
successful reduction of sphere diameter down to 50 nm.
Both experimental and simulation results confirmed that the existence of nanospheres
enhances the extraction ratio from the substrate. Simulation results also demonstrate that surface
roughening produced by the masks enhance the UV spectrum. Several simulation models were
developed to predict the possible behavior of localized surface plasmon, which appears to decrease
top emission. Further investigation can be conducted to obtain more understanding of how the
different sizes and shapes of NPs generated by NSL affect LSPR.
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Chapter 5 Conclusion & Future Work
5.1 Conclusion
In this work, methods of performing NSL were surveyed, with two robust methods selected
and performed to produce the HCP monolayer reliably. It was then followed by a sample of the
different modifications, such as reduction of the sphere diameter, and deposition of metal, that can
be done to produce various structures with small feature sizes without traditional patterning and
lithography. The properties of the produced structures were characterized via PL measurement,
which was compared to FDTD simulations to examine their effect on common optical structures,
with the result being enhancement in the visible spectrum.

5.2 Future Work
In this section, additional experiments are outlined, with possible intended applications
presented for further investigation of NSL.
5.2.1 Additional Experiments
Numerous experiments can be conducted to investigate nanosphere lithography further.
The deposition of spheres can be performed on additional substrates, with different hydrophilicity.
It has been shown that water plasma is effective in reducing the contact angle of GaN significantly,
although the effect is not long term [21]. This is ideal as the adhesion between the monolayer and
the substrate remains after the monolayer is initially deposited, and also due to the fact that the PS
spheres only serve as a mask for additional processing steps. Experiments that increase the size of
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the monolayer without sacrificing the quality should be conducted for manufacturability and
integration purposes. Large-scale deposition is possible as formation of monolayers of over 4-inch
diameter have been reported, and can possibly be transferred onto a substrate with great yield with
a more refined experimental step [27]. There are also reports of two monolayer stacked on top of
each other (double layer) being produced with NSL, which is also worthy of investigation [28].
Since GaN is a popular semiconductor material for various photonics devices, several other
modifications to the substrate can be performed, such as producing nano-pillars or nano-cavities
with the nanosphere mask to alter its optical properties. The resolution of such mask is only limited
by the diameter of the spheres, which currently ranges from 100 nm to upwards of microns, made
up of various material, such as SiO2, TiO2, etc. The effect of different material nanospheres have
previously been investigated via simulation and they show the inclusion of the nanosphere layer
[14].
5.2.2 Applications
The aforementioned nano-structures, with surface-plasmon also being one of them, and
the nanospheres can be used to not only enhance the optical output of photonic devices, but they
can also be used to alter the peak intensity and shift the output spectrum [16]. Combined with the
usage of other metals besides aluminum, such as silver, specific ranges of the spectrum can be
boosted. The generated mask and structures can be applied to not only LEDs, but also solar cells,
to enhance their performance for further investigation of NSL [28-30].
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